Simultaneous scalp EEG-fMRI measurements allow the study of epileptic networks and more generally, of the coupling between neuronal activity and haemodynamic changes in the brain. Intracranial EEG (icEEG) has greater sensitivity and spatial specificity than scalp EEG but limited spatial sampling. We performed simultaneous icEEG and functional MRI recordings in epileptic patients to study the haemodynamic correlates of intracranial Interictal Epileptic Discharges (IED).
INTRODUCTION
In patients with epilepsy, electroencephalographic (EEG) recordings remain the main tool to investigate functional brain abnormalities and reveal characteristic paroxysmal events such as Interictal Epileptiform Discharges (IED), reflecting synchronised changes in post-synaptic potentials of large populations of cortical pyramidal neurons.
Over the last 15 years, the advent of simultaneous scalp EEG and functional Magnetic Resonance Imaging (fMRI) recordings has allowed the non-invasive mapping of often complex and widespread transient haemodynamic responses (Blood Oxygenation Level Dependant or 'BOLD' changes) associated to IED and ictal events in focal epilepsy (Ives, Warach et al. 1993; Seeck, Lazeyras et al. 1998; Krakow, Allen et al. 2000 ; Al-Asmi, Benar et al. 2003; Salek-Haddadi, Diehl et al. 2006; Tyvaert, Hawco et al. 2008) . IED-related multifocal positive and negative haemodynamic changes have been commonly revealed both distant and local to the presumed epileptic focus Salek-Haddadi, Diehl et al. 2006 ). These findings have raised questions about the behaviour of the networks associated with epileptiform discharges, and in particular how haemodynamic responses are coupled to these events (Logothetis 2008) as the neurovascular coupling could be altered in pathological states such as epilepsy (Hamandi, Laufs et al. 2008; Lemieux, Laufs et al. 2008; Grouiller, Vercueil et al. 2010; Masterton, Harvey et al. 2010) . Moreover, scalp EEG-fMRI fails to reveal convincing haemodynamic changes in a significant proportion of cases, possibly due to the limited sensitivity of scalp EEG and consequent poor characterisation of the baseline and inefficient modelling of the fMRI signal (Al-Asmi, Benar et al. 2003; Salek-Haddadi, Diehl et al. 2006) . In patients who are candidates for epilepsy surgery, intracranial EEG (icEEG) remains the goldstandard to localise the epileptogenic zone and reveal propagation of epileptic activity.
The technique has high sensitivity and spatial discrimination compared to scalp recording but limited spatial sampling. Simultaneous fMRI could mitigate these limitations and provide a new source of information about the organisation of distributed epileptic networks. Additionally, by allowing the recording of epileptic electrical activity and fMRI signals within the same small region, the underlying local neurovascular coupling can be investigated.
We have recently established the parameters whereby simultaneous intracranial EEG and fMRI (icEEG-fMRI) can be recorded in humans without significant additional health risk (Carmichael, Thornton et al. 2010) . Here, we present haemodynamic changes correlated with intracranial epileptiform activity in the first two patients with focal epilepsy who underwent icEEG-fMRI.
METHODS

Patients
All patients with refractory focal epilepsy undergoing intracranial EEG for presurgical assessment of their epilepsy between June and September 2009 were considered for participation in the study between the end of the clinical icEEG recording and planned removal of the intracranial electrodes. We present the first 2 patients whom we were able to recruit and scan during this period. Patients were only recruited if they were in good general health, tolerated a postoperative clinical MRI electrode localisation scan and did not have evidence of damage to any electrodes (based on CT and clinical recordings).
The study was approved by the Joint UCL/UCLH Committees on the Ethics of Human Research and patients gave written informed consent.
Prior to implantation of intracranial electrodes (AdTech, Racine, WI, USA), both patients underwent scalp EEG-fMRI acquisitions using our standard protocol (Vulliemoz, Thornton et al. 2009 ), during which no epileptiform abnormality was detected.
Case reports:
Patient 1 was a 42 year-old left-handed female with pharmaco-resistant cryptogenic left frontal lobe epilepsy. From the age of 18 she suffered from multiple daily complex motor seizures starting with stiffening or a feeling of tension in the right arm, sometimes evolving to impaired awareness. Structural MRI (3 Tesla) was unremarkable. Long-term video-EEG recording showed occasional (ca. 10/hour) lowamplitude left paracentral IED with no localisable ictal pattern. 
Data acquisition
MRI
MRI was performed using a 1.5T Siemens Avanto scanner (Siemens, Erlangen, Germany) between the end of the diagnostic invasive EEG recording and removal of the icEEG electrodes. To limit heating, we used a head transmit and receive RF coil, low SAR (Specific Absorption Rate) sequences (≤ 0.1W/Kg, head average), as described elsewhere (Carmichael, Thornton et al. 2008; Carmichael, Thornton et al. 2010 ). The following scans were performed: 1) localiser, 2) FLASH T1-volume (TR 3s/TE 40 ms/flip angle 90), 3) two 10-minute gradient echo EPI fMRI scans (TR 3s/TE 78ms/ 38 slices/200 volumes, 3x3x3mm), during which intracranial EEG was recorded.
icEEG EEG electrode leads were routed directly to the vertex before replacing the bandage.
The cables connecting the electrodes to the amplifiers for the clinical recordings were replaced by shorter cables (length 90 cm) to minimize radio-frequency induced risk of heating and laid out precisely in relation to the scanner (Carmichael, Thornton et al. 2008; Carmichael, Thornton et al. 2010) . EEG was recorded using an MR-compatible amplifier system (Brain Products, Munich, Germany) and dedicated recording software (Brain Vision Recorder) during the fMRI acquisitions. The EEG recording system sampling at 5000Hz was synchronised to the scanner's 20kHz gradient clock.
Data analysis icEEG
Scanning-related artefacts were removed using standard implementation of template subtraction and filtering (Allen, Josephs et al. 2000) in Brain Vision Analyzer (V1.3).
On the corrected icEEG, pulse-related artefacts were small compared to the epileptiform activity and did not interfere with IED identification. IED were detected and labelled by an expert electroencephalographer (SV). For the purpose of fMRI modelling, IED were grouped according to their most active contact and spatial extent (number of contacts involved). fMRI fMRI analysis was performed using SPM5 software package (www.fil.ion.ucl.ac.uk/SPM). fMRI time-series were corrected for slice acquisition time, realigned to the mean image and spatially smoothed with an isotropic Gaussian kernel of 8 mm full width at half maximum.
Mapping epileptic networks: whole brain IED-related BOLD changes
Pre-processed fMRI time-series data were analysed using a General Linear Model (GLM) to map regional IED-related changes of the BOLD signal. Discharges were modelled as zero-duration events (unit impulse, or 'delta', functions) or as blocks in case of sustained IED activity and then convolved with the canonical Haemodynamic
Response Function (HRF (Friston, Fletcher et al. 1998) ). Motion-related effects were included in the GLM in the form of the 6 realignment parameters.
T contrasts (positive and negative) were used to generate SPM{t} maps, with a significance threshold of p<0.001 uncorrected for multiple comparisons overlaid onto T1-weighted volumetric images obtained in the same session and co-registered to the EPI images (Ashburner and Friston 1997) .
Detecting focal BOLD changes in the irritative zone
Given the potential for local signal alteration around the icEEG electrodes and resulting BOLD sensitivity reduction ( Having an a priori defined VOI, the p-value of the local maxima at a given threshold (here p<0.05) represents the statistical significance of the result with strong control of Family-wise type I error (Friston 1997) . The VOI analysis is an application of the small volume correction tool in SPM. Instead of establishing the significance of a correlation between the predicted and measured BOLD signal for each voxel over the entire brain (using random field theory for multiple comparisons) it performs the statistical threshold correction over the pre-specified VOI, taking into account its shape and volume. Therefore the result is not a map, but rather the presence or absence of a significant finding within the VOI.
RESULTS
Neither patient reported any discomfort, headache or neurological symptom during or immediately following the icEEG-fMRI sessions. During electrode removal, careful visual inspection of the neighbouring brain tissue did not reveal any sign of adverse effect and no unusual abnormality was noted in histological examination.
In both patients, the corrected icEEG and intracranial IED were similar to icEEG recorded outside the scanner with the same equipment (Figures 1 and 2 ) and with the previous clinical EEG recording. MRI image quality was sufficient to obtain significant correlations to IED (see below and Figure S1 ).
Patient 1
Similarly to the clinical icEEG findings, very abundant (persistent and at times almost continuous >100/min) low amplitude IED were recorded over the left pre-central and post-central cortex (Figures 1 and 3 , Table 1 ). IED were marked in the contact with most IED (and corresponding to seizure onset zone) in the pre-central cortex. They occurred in runs of spikes, spike-waves and polyspike-waves and these runs were modelled as constant-amplitude blocks in the fMRI modelling.
Whole brain SPM{t} maps revealed negative BOLD changes in the left post-central gyrus in close proximity to the spiking contacts near the hand motor cortex (peak BOLD magnitude: -0.5%, peak t-value: 3.35; extent: 4 voxels, estimated distance between cluster maximum and most active contact = 13 mm), and in the left frontal medial cortex (-1%; peak t-value 3.38; 13 voxels, 18 mm to most active contact).
There was good spatial concordance between these BOLD changes and the localisation of IED sources estimated from the MEG recording for the medial frontal cluster and the lateral frontal cluster (Euclidian centre-to-centre distance = 7 mm and 14 mm, respectively) (Figure 3 and S1) . The VOI analysis confirmed significant local negative correlation around the most spiking contact (p=0.005).
Patient 2
Very frequent IED (>30/min) were observed, involving the left amygdala (depth electrode), the left hippocampus (depth electrode), and, less frequently, the left basal temporal cortex (strip electrode) (Figures 2 and 4 , Table 1 
DISCUSSION
To the best of our knowledge this is the first report of simultaneous icEEG and fMRI recording in humans. Following a strict data acquisition protocol, no adverse effects were observed and icEEG data quality allowed clear identification of IED. Our objectives were 2-fold: firstly, to demonstrate the technique's capability to reveal IED-related BOLD changes over the whole brain using a simple modelling approach similar to that used for scalp EEG-fMRI; secondly, to verify if it was possible to detect significant IED-BOLD coupling from signals recorded from within the same region. We showed significant IED-related BOLD changes in the immediate vicinity of the focus localised by icEEG, suggesting good spatial concordance between neuronal and BOLD changes in focal epileptic activity. Distant BOLD changes related to specific interictal discharge patterns were also observed illustrating a potential advantage of simultaneous icEEG-fMRI for investing wholebrain epileptic networks over icEEG alone and scalp EEG-fMRI.
Methodological considerations
To ensure patient safety, we used the following data acquisition protocol: a 1.5T
scanner with a head transmit-receive coil; RF power limited to 0.1W/Kg head-average; exact cable lengths and placement in the scanner bore; exact EEG recording equipment configuration. This approach was devised based on previous specific testing on a test object with the same arrangement and a safety margin to account for any differences between in-vitro safety studies and patient/electrode configurations (Carmichael, Thornton et al. 2008; Carmichael, Thornton et al. 2010 ).
Despite MR image artefacts (distortion and drop out) near the intracranial
electrode contacts, IED-related BOLD changes within 1.0 cm of the active electrode were detected. This demonstrates that the technique can detect BOLD signal changes local to the electrode contacts and can therefore be applied to investigate local icEEG-fMRI coupling in epilepsy. A more systematic investigation of data quality issues that will require a larger group of subjects with different implantation strategies, is currently underway in our laboratory. In the future, optimisation of imaging sequences and intracranial electrodes (e.g. using material with lower magnetic susceptibility) should further improve fMRI data quality and detection sensitivity. The SPM{t} maps showed significant IED-related BOLD changes with magnitude (0.5 to 1%) and extent (4 to 101 voxels) within the range of commonly observed scalp IEDrelated BOLD effects at this field strength (Krakow, Woermann et al. 1999; Benar, Gross et al. 2002) . The location of the clusters was concordant with non-invasive electroclinical data or with distant regions known to show haemodynamic changes related to focal temporal lobe IED (Laufs, Hamandi et al. 2007 ). Thus, it is highly unlikely that these results are due to insufficient control of false positives. Given icEEG's much greater sensitivity, the generators of detected IED on icEEG can be weaker and of smaller spatial extent than for IED detected on scalp EEG. We would therefore expect the associated haemodynamic changes to occur over a smaller brain region and to be of smaller magnitude. Although simultaneous scalp recordings were not available, the small IED field and, in patient 2, the deep localisation of the IED focus make it unlikely that these events would have been detected with scalp EEG electrodes, consistent with the lack of IED in previous scalp EEG-fMRI recording for both patients. The high frequency of events narrows the dynamic range of the relatively slow haemodynamic response compared to expected BOLD changes in scalp EEG-fMRI studies, which model rarer events that originate from larger areas of active cortex (Tao, Ray et al. 2005) . In addition, possible non-linear effects (de Zwart, van Gelderen et al. 2009 ) related to very close occurrence of successive IED might also play a role (Bagshaw, Hawco et al. 2005; Salek-Haddadi, Diehl et al. 2006 ).
In addition to the fMRI artefacts due to the depth electrode, the detection of IEDrelated hippocampal BOLD changes with scalp EEG-fMRI is limited by the difficulty of recording temporal mesial IED even when using fMRI protocols optimised for the basal temporal lobe (Bagshaw, Torab et al. 2006; . In patient 2, we found a highly significant correlation between hippocampal IED and BOLD signal changes from within the same region.
Neurophysiological relevance
In fMRI studies the starting hypothesis is that focal neuronal activity is coupled to haemodynamic changes, so that focal BOLD changes can be interpreted as reflecting changes of neuronal activity (Logothetis 2008) . In non-human primates, BOLD changes are best correlated to synaptic activity (local field potential) (Logothetis, Pauls et al. 2001 ) but the coupling between cortical evoked potentials and haemodynamic responses might not show perfect spatial match (Disbrow, Slutsky et al. 2000) . In humans, non-invasive cerebral perfusion measurements suggested preserved neurovascular coupling in relation to generalised IED (Stefanovic, Warnking et al. 2005; Carmichael, Hamandi et al. 2008; Hamandi, Laufs et al. 2008) . The noninvasive study of the neurovascular coupling during epileptic activity in humans is limited by the poor sensitivity and low spatial resolution of scalp EEG (Alarcon, Guy et al. 1994 ) and the resulting suboptimal characterisation of the baseline state. By contrast, simultaneous recording of local neuronal activity and haemodynamic changes presented here revealed co-localised haemodynamic changes to the most active icEEG contact as well as distant changes, concordant with invasive animal studies (Englot, Mishra et al. 2008) .
In patient 1, we observed negative BOLD changes at the site of IED. Negative BOLD changes, linked to decreased local field potential, have been reported in monkeys in response to decreased visual stimulus and have been related to reduced neuronal activity (Shmuel, Yacoub et al. 2002) . The situation is more complicated for negative Salek-Haddadi, Diehl et al. 2006) .
In patient 2, we found a highly significant local correlation between hippocampal IED and BOLD signal changes within the same region (1 cm around the most spiking contact) by using the spatial specificity of the icEEG recording. We also observed prominent slow wave activity in the hippocampus (Figure 2) , whereas slow waves were not a prominent feature of spiking contacts in Patient 1 (Figure 1) . This is consistent with previous reports of increased slow wave spectral power at electrodes close to positive vs. negative BOLD changes (Benar, Grova et al. 2006 ). In addition, we found distant IED-related negative BOLD changes in the medial parietal cortex (precuneus) and lateral occipito-temporoparietal cortex that are localised in regions shown to participate in the Default Mode Network (DMN) of the brain (Raichle, MacLeod et al. 2001) . This is consistent with previous observations of DMN involvement in temporal lobe epileptic activity Salek-Haddadi, Diehl et al. 2006; Laufs, Hamandi et al. 2007 ) and with the coupling between the hippocampus and the DMN revealed by functional connectivity studies (Raichle, MacLeod et al. 2001) .
Clinical relevance
The mapping of BOLD changes related to intracranial IED can provide useful information about the epileptic network, circumventing low spatial resolution (typically 1cm 3 around the electrode contact (Lachaux, Rudrauf et al. 2003) ) and restricted brain coverage. In the two patients studied here, intracranially recorded IED were very focal and invisible to scalp EEG so that only icEEG allowed modelling of the BOLD changes to confirm focal icEEG findings or to reveal changes at sites not explored by icEEG electrodes.
In patient 
